Currently, dielectric elastomer actuators (DEA) are mainly based on micrometer-thin polymer films and require operating voltages of several hundred volts. In medical applications, however, voltages as low as a few tens of volts are required. To this end, we prepared nanometer-thin dielectric elastomer layers. It is demonstrated that alternating current, electro-spray deposition allows for the fabrication of homogenous, flat, nanometer-thin polydimethylsiloxane (PDMS) films. The growth of the PDMS with average number molecular weights ranging from 800 to 62,700 g/mol, at a constant flow rate of 267 nL/s, was in situ monitored by means of spectroscopic ellipsometry. The Cauchy layer model used for data interpretation may only be applied to flat PDMS layers. Thus, in the present study the droplet morphology was also determined by atomic force microscopy. Spectroscopic ellipsometry does allow for the qualitative determination of the thin film morphology. However, for high molecular weight polymers the precise measurement during deposition is challenging. Independent of the molecular weight, the roughness of the deposited PDMS films considerably smoothens during the ultra-violet radiation treatment. After curing, the electro-sprayed nanometer-thin PDMS films are homogeneous enough to qualify for the fabrication of low-voltage DEA.
INTRODUCTION
Electrospray ionization (ESI) well known from mass spectroscopy (MS) as a soft ionization method for large (bio-) molecules [1] found its application also as deposition method. Electrospray deposition (ESD) has attracted attention for decades. There are numerous investigations on thin, dense or porous film deposition [2] for a variety of applications as well as nanometer-sized particle formation or encapsulations [3] . Not only inorganic and organic materials were deposited for direct applications but also a lot of effort was taken to understand the behavior of the spray mechanism with respect to the influencing parameters from the setup and the sprayed solution [4] [5] [6] [7] . Furthermore, studies on the deposit morphology dependence on flow rate and vapor pressure have been carried out for polymers [8, 9] .
Usually the investigation on the electrospray, whether for ionization or deposition, is described in its original direct current (dc), static electric field, mode. Considering the deposition, this means that the substrate has to be conductive, so that the nozzle represents one electrode and the substrate the counter electrode. For deposition on non-conductive substrates alternating current (ac) electrospray deposition has been suggested and successfully applied [10] . Up to now a restricted number of studies has been published. This is due to the spray stability and the frequent application of conductive substrates.
Investigations on dielectric elastomer transducers (DET) aim to enhance the materials and designs according to their applications. For dielectric elastomer actuators (DEAs), in particular, lowering the operation voltages from the currently used values of several hundred volts to physiologically relevant ones is essential for medical implants [11] . Here, one may either increase the permittivity of the dielectric material sandwiched between the electrodes or reduce its layer thickness below one micrometer [12] . Innumerable investigations were conducted on the materials permittivity [11] . Conversely, only a few studies on film thickness reduction are known [13] [14] [15] . To compensate for the low forces, which Here, we propose the ac electrospray method as an approach for future fabrication of nanometer-thin elastomer layers in low-voltage DEAs with the aim to realize artificial muscles for incontinence treatment [16, 17] . For this application, the films have to be quantitatively characterized, which includes the surface roughness of the PDMS films as the function of the deposition rate.
WORKING PRINCIPLES ELECTROSPRAY DEPOSITION

DC electrospray deposition
In the direct current (dc) mode a static electric field between the nozzle and the conducting substrate is applied using a high voltage (HV) source. The molecules in the solution become charged. The charging causes a separation along the electric field. If for example, a positive charge is applied on the nozzle, the positively charged molecules will be attracted towards the negatively charged substrate. This, in addition to the solution pressure, usually induced by gravity or a syringe pump, forces the solution to flow out of the nozzle to the substrate. Once the applied electric field exerts a force similar to the surface tension, the normally observed drop formation vanishes and a cone, termed TAYLOR cone, is formed. At this stage, with the solution pressure a cone jet is formed, which eventually breaks up into charged droplets. During descending the droplets diminish their volume caused by solvent evaporation, whereas the charge stays constant. This increase in charge to volume ratio will eventually reach a critical value, termed RAYLEIGH limit. It is the point the surface tension equals the repulsive forces of the charged molecules. If the critical charge to volume surface is exceeded, the droplets undergo the COULOMB explosion, i.e. a fission into smaller droplets. This process is repeated for several times until the droplets impinge on the surface. On the conductive substrate, they will become neutralized, see Figure 1 (a). This process depends on many parameters of the applied solution namely the surface tension, the vapor pressure, the electric conductivity and the viscosity. In addition, the setup plays a critical role, as it determines the strength of the applied electric field, which relates to the nozzle-substrate distance. 
AC electrospray deposition
The alternating current (ac) mode for deposition is usually only applied, if the substrate is electrically insulating [10] . In this mode, an alternating electric field is applied. It avoids surface charge accumulation on the substrate. Clouds of charged droplets are emitted, as illustrated in Figure 1 (b), which finally neutralize each other on the substrate. Therefore, relatively thick layers can be deposited without repulsion interactions between droplets and substrate. Owing to the alternating field it is more difficult to obtain stable conditions. In this mode, an additional parameter for the deposition control, i.e. the frequency of polarity alternation, has to be considered. The limited number of available studies on the ac mode show the influence of frequency and reveal the applicability of this alternative approach [18] [19] [20] .
EXPERIMENTAL
Material and electro-spray deposition
The spray solution contained 5 vol.% telechelic vinyl PDMS polymers (Gelest, USA) with molecular weights M n of 800, 6,000, 28,000, and 62,700 g/mol (DMS-V05, DMS-V21, DMS-V31, and DMS-V41, respectively) dissolved in ethyl acetate (Laboratory reagent grade, Fisher Scientific UK, Brunschwig, Basel, Switzerland). Solvent and PDMS polymers were not further purified. Using a 3 mL glass syringe with a metallic Leur-lock (Eternal-Matic, Sanitex, HUBERLAB, Aesch, Switzerland) connected to a metallic nozzle (26s, I.D. 0.13 mm, Hamilton, Bonaduz, Switzerland) the solution was extruded by a syringe pump (Aladdin six-syringe pump, World Precision Instruments Germany GmbH, Berlin, Germany) at a constant flow rate of 267 nL/s for the present experiments. Applying a constant alternating voltage of ± 5 kV with a frequency of 18 Hz using a voltage source (TREK, 5/80, Lockport, NY, USA) and a function generator (Model 119M, Max Meier Elektronik, Zurich, Switzerland) a rectangular voltage function was obtained, monitored by a Tektronix oscilloscope (TDS 210, Computer Controll AG, Zurich, Switzerland). The chosen distance from the the nozzle to the Si substrate (SiMat, Silicon Materials, Kaufering, Germany) amounts 67 mm. The UV radiation from a deuterium broad-band UV lamp (Yuyu Lightning, China) with a spectral range between 180 and 450 nm, and a maximum intensity at 210 nm at a distance of 2 cm induced the curing without any photo-initiator. Curing was performed in an Ar (Carbagas AG, Basel, Switzerland) atmosphere of 1 bar, see Figure 2 . 
Real-time spectroscopic ellipsometry
To monitor the film growth and the curing process in real time, the spectroscopic ellipsometer SE801 from the company SENTECH (Berlin, Germany), controlled by the SpectraRay3 software, was used. The relevant angles Ψ and Δ were measured in the spectral range between 300 to 1050 nm. The incident beam angle was held constant at 70° from the normal, cp. Figure 2 . The 2 mm beam diameter resulted in a spot size of 2 mm × 5 mm on the substrate. The real time measurement period was set to 1 s steps. The linear and first order non-linear refractive indices as determined by a static measurement of a spin-coated, 2 µm-thick film of the DMS-V21, revealed values of n 0 = 1.396 ± 0.005 and n 1 = 37 ± 0.7, respectively, and were set as constant values for all measurements. The wavelength-independent extinction coefficient k 0 was used to simulate the scattering at the surface and, therefore, as a phenomenological parameter for the surface roughness. 
Atomic force microscopy
AFM scans of 90 × 90 μm 2 areas were acquired in tapping mode with a vibration amplitude of 1774 mV and a set point of 20 % on a FlexAFM system (Nanosurf AG, Liestal, Switzerland). We have used a Tap 190Al-G AFM probe (BudgetSensors, NanoAndMore GmbH, Wetzlar, Germany) to acquire 512 lines at a speed of 2 s per line. The raw data were processed using the Gwyddion 2.41 software package (Gwyddion: an open-source software for SPM data analysis, http://gwyddion.net).
RESULTS AND DISCUSSION
Deposition process
The evaluation of the recorded data by spectroscopic ellipsometry was only accounted in the spectral range of 300 to 1050 nm, because the absorption of PDMS is pronounced for wavelengths below 300 nm [21] . The baseline was taken from an ellipsometric measurement of a bare Si(100) substrate having a 2 to 3 nm-thin native oxide layer. Both, the native oxide and the sprayed PDMS, were considered as Cauchy layers in order to extract the optical properties and the thickness of the growing film. The monitored Δ-and Ψ-data are related to the complex Fresnel reflection coefficients r p and r s of p-and s-polarized light and their ratio ρ, described by the Fresnel equation To obtain the dielectric function ñ(λ) from the measured data equation (2) can be used: where n(λ) is the real and k(λ) the complex part of the refractive index. φ 0 represents the angle of the incident beam. The simplest approximation according to the Cauchy series is to use the wavelength-independent, constant extinction coefficient
and to reduce the refractive index to 
During the initial stages of growth, however, the fitting according to the Cauchy layer model nor the fitted data by the effective medium layer model [22] were reasonable, presumably because of the droplets present on the substrate. For the higher molecular weight polymers DMS-V31 and DMS-V41 no acceptable fits could be obtained during the whole spraying process. For the polymers DMS-V05 and DMS-V21 at advanced stages of growth, the fitting according to the Cauchy layer model becomes reasonable. Hence, we assume that the droplets start to form a confluent layer with a rough surface morphology represented by the fitted constant extinction coefficient k 0 . Here, k 0 simulates the scattering and the absorption of the incident beam at the protrusions on the growing surface. Thus, k 0 rather describes a phenomenological parameter due to the damping of the Δ-and Ψ-amplitudes. Therefore, we neglected the wavelength dependency of k. Figure 4 presents the extinction coefficient monitored using ellipsometry versus the deposition time or the equivalent layer thickness obtained for DMS-V05 and DMS-V21. For the polymer DMS-V05, the onset of the fit derived from the Cauchy model starts well below a film thickness of 100 nm. For the polymer DMS-V21 the onset is observed above 500 nm. It agrees with measurements published recently [15] . Furthermore, it is obvious that the measurements show a surface roughness decrease, as indicated by the decreasing value of k 0 as the thickness increases. even in the micrometer range we assume an immense light scattering causing the damping of interferences within the Δ-and Ψ-data. This behavior hinders a reasonable thickness extraction from the data analysis. Additionally, we point out that droplets with hundreds of nanometer in height are not favorable for nanometer-thin film production. Note that the droplets shown in Figure 5 are already cured. Nevertheless, they are expected to show similarities to the island shapes formed by the impinged droplets before curing. For DMS-V05 and DMS-V21 the droplet-like islands are low, a few tens of nanometers in height, and they show plateau-like surfaces, which also supports the signal collection for ellipsometry, see Figure 4 .
The early detection onset as well as the low surface roughness of DMS-V05 are attributed to the high mobility and superior wettability of the short polymer chains compared to the significantly longer chains of DMS-V21, see Table 1 . It should be considered though that all the polymer samples are used as purchased and, therefore, contain a polymer size distribution, which has an influence on the mobility and wetting behavior. Comparing the morphology of islands formed after UV curing, one recognizes distinct features, see Figure 5 . The origin of the characteristic features has been discussed previously [14] , and are referred to the chain length or the related viscosity. Comparing the morphology of the DMS-V05 and DMS-V21 polymer islands, the possibility of ellipsometry analysis for the lower molecular weight polymer at relatively low coverage is evident.
Ultra-violet light curing of the electro-sprayed films
Subsequent to deposition, the films could relax for about one hour. During this period of time, the remaining solvent can evaporate, and the droplet-like islands spread out to reach an equilibrium state. In a next step, the films were treated with UV radiation in argon atmosphere. During the curing ellipsometry data were collected for the four selected polymers. Some results are shown in Figure 6 . The extinction coefficient is plotted against the deposition time. The red-colored fit fitted lines represent the exponential decay. Time constants τ can be extracted from these fits and are summarized in column 3 of Table 1. UV light treatments induce film smoothening quantified by the decrease of the extinction coefficient. The final values range from 0.012 to 0.045, which is even below of the earlier published values (0.04 to 0.08) [15] . One has to consider that the areas here were smaller compared to the previous study because of the geometry of the experimental setup. The time constants derived show an increase with molecular weight. The experimentally observed behavior is expected, as the smaller molecules can migrate faster than the larger ones. In summary, the electrospray deposition and subsequent UV light curing results in flat nanometer-thin films for the selected polymer starting materials. The chain length and the molecular weight, respectively, influence the success of real-time spectroscopic ellipsometry during film formation.
It should be noted that the technique is promising but needs further elaboration to optimize the process parameters. The experiments were performed with fixed electric field and flow rate. As shown in Figure 3 , the spray showed instable cone jets. Thus the films are rather inhomogeneous considering the area of an entire 2-inch wafer. Multiple nozzle arrangements and moving and/or rotating substrates may further improve the homogeneity.
CONCLUSIONS
AC electrospray deposition is a favorable technique for future nanometer-thin film production of polymers for lowvoltage dielectric elastomer actuators and sensors. UV light curing reduces the roughness of the PDMS films below one nanometer. The processes can in situ be monitored using advanced ellipsometry and related data evaluation. Large-area deposition with improved homogeneity should be reached through multi-nozzle arrays and substrate movements. Therefore, AC electrospray deposition is the only known method, which shows potential for industrial applications in the field of low-voltage DEA fabrication.
